In this study, porous zirconia (PZ) was synthesised by solgel process and evaluated for the adsorption of milk proteins such as ¢-casein and ¢-lactoglobulin. The particles manifested an extremely good adsorption affinity for ¢-casein, with very short adsorption times. In addition, increasing of the adsorption times afforded aggregation of the ¢-casein-adsorbed particles. Adsorptiondesorption experiments, carried out by immersing the PZ in HEPES buffer solution containing 2 M sodium chloride, revealed that only a small amount of adsorbed ¢-casein was leached from the particles, which suggests that the protein was tightly adsorbed. Taken together, the results obtained suggest that the strong adsorption affinity and specific adsorption behaviour of PZ for the phosphate group render it a promising candidate for the development of phosphoprotein adsorbents.
Introduction
Milk proteins are natural emulsifiers often used to emulsify oil droplets in dairy products including milk, beverages and yoghurts. Milk proteins are composed of caseins, which are a family of phosphorylated proteins (¡S1-, ¡S2-, ¢and ¬-caseins), and whey proteins, the former constituting around 80% of the total milk protein content. In this study, ¢-casein was selected as phosphoprotein because it is the most abundant milk protein. 1) The primary structure of ¢-casein is proline-rich and consists of 209 amino acid residues, including five phosphorylated serine residues. Its molecular mass is approximately 24 kDa, and the N-terminal region of the sequence is rich in polar and negatively charged amino acids, including all five phosphorylated serine residues located at the 15, 17, 18, 19 and 35 positions. Thus, it is an intrinsically disordered protein with an isoelectric point of about 5.2. Meanwhile, whey proteins are non-phosphoproteins that can be fractionated into ¢-lactoglobulin, bovine serum albumin and ¡lactalbumin. ¢-lactoglobulin, which represents about 50% of the total whey protein content in bovine milk 2) ,3) has a molecular weight of 18 kDa and contains two disulfide bonds and a single free thiol group. 4) Currently, porous materials are extensively studied as protein adsorbents. In this context, zirconia could be an attractive candidate media for protein purification, owing to its characteristics as a crystalline solid with high chemical stability, mechanical resistance and toughness, high boiling point, non-toxicity and solubility in water. 5)8) In addition, zirconia particles have specific surface property, which is complex and several surface species have been identified. 5),7), 9) It was confirmed that zirconia have two types of surface hydroxyl species, i.e. a terminal hydroxyl structure and a bridging hydroxyl that shares the oxygen with two zirconium atoms. 10) It was revealed that the process of phosphate adsorption on amorphous zirconia followed the inner-sphere complexing mechanism, indicating that the surface hydroxyl groups played a key role in improving the phosphate adsorption affinity. 11),12) Therefore, we considered porous zirconia (PZ) attractive for developing adsorption materials with high adsorption affinity for phosphoproteins. In this work, we successfully synthesised PZ using the template method with the triblock co-polymer Pluronic P123 (P123) through solgel process, and its ability for the adsorption of ¢-casein and ¢-lactoglobulin was investigated. In the past decades, only a few studies have reported the use of zirconia particles as adsorbents for protein adsorption. 13),14) With regard to the adsorption mechanisms, we focused on the interaction between the phosphate groups of the phosphoprotein and the PZ particles. We selected two types of PZ (PZ-4 and PZ-8) with pore sizes of 4 and 8 nm, respectively, for evaluating the adsorbed amount of milk proteins. 15) 2. Experimental
Materials and methods
Triblock poly(ethylene oxide)-poly(propylene oxide)poly(ethylene oxide) co-polymer Pluronic P123 (Mw = 5800), ¢-casein, ¢-lactoglobulin and a Fluoro Profile Protein Quantification Kit were purchased from Sigma-Aldrich, St. Louis, Mo, USA. Trimethylbenzene (TMB), zirconium(IV) isopropoxide [Zr(OiPr) 4 ], acetylacetone, ethanol, hydrochloric acid and 2-[4-(2-hydroxyethyl)-1piperazinyl]ethanesulfonic acid (HEPES) were obtained from Wako Co., Tokyo, Japan. Tetraethoxysilane was obtained from Shin-Etsu Chemical Co., Japan. Deionised water was used throughout all the experiments. e-PAGEL and EzStandard Prestain Blue were purchased from ATTO Co., Tokyo, Japan.
Synthesis of PZ-4 and PZ-8
The cocktail A1 was prepared as a mixture of zirconium(IV) i-propoxide (13.1 g), acetylacetone (1.70 g) and ethanol (7.82 g). The PZ particles PZ-4 and PZ-8 were synthesised using P123 as an organic template. P123 (1 g) was added to a solution of deionised water (26 mL), and to obtain PZ-8, TMB (0.5 g) was then added to control the pore size. Then, the mixture was stirred for 1 h at room temperature. Subsequently, cocktail A1 was added to the mixture, and the solution was stirred for 3 h at room temperature. After stirring overnight at 60°C, the reaction solution was transferred to an autoclave for further reaction at 100°C for 24 h. The solid product was collected by centrifugation and washed with deionised water, ethanol and acetone. Finally, the sample was calcined at 500°C for 4 h.
Characterisation of materials
The morphologies of the synthesised porous materials were investigated by using a field emission scanning electron microscope (FE-SEM; S-4300, Shimadzu Co., Kyoto, Japan) at an accelerating voltage of 10.0 kV and via transmission electron microscopy (TEM; JEM 2010, JELO Ltd., Tokyo, Japan) at an accelerating voltage of 200 kV. Scanning TEM (STEM) images were obtained using a JEOL JEM-2100 Plus instrument (JEOL Ltd., Tokyo, 4700, JASCO Co., Tokyo, Japan), and the spectroscopy was carried out by the attenuated total reflection method. N 2 adsorptiondesorption measurements were performed by using a TriStar 3000 system (Shimadzu Co., Kyoto, Japan). The specific surface area and pore volume were calculated according to the BrunauerEmmettTeller (BET) method, and the pore size distribution was obtained using the BarrettJoynerHalenda (BJH) method. 16 ),17) Powder X-ray diffraction (XRD) measurements were carried out on an X-ray diffractometer (RINT-2000/PC, Rigaku Co., Tokyo, Japan) with Cu K¡ source. The XRD patterns were recorded over a 2ª range of 3.080.0°, and the generator settings were 40 kV and 30 mA. The surface potential (zeta potential) of the sample in HEPES was measured by a zeta potential and particle size analyser (ELS-Z, Otsuka Electronics Co., Japan).
Adsorption of milk proteins onto porous materials
All adsorption tests were carried out at room temperature. Milk protein was added as a ¢-casein and ¢-lactoglobulin solution (3 mL; 800¯g of protein/3 mL of 10 mM HEPES buffer at pH 6.0) to 1.5 mg of the porous material (PZ-4 or PZ-8). After stirring for 6 h, the supernatant was separated by centrifugation at 6000 rpm for 20 min. The concentration of the proteins was measured by Bradford protein assay via UVvis spectroscopy at 500 nm. 18) The amount of adsorbed protein on PZ-4 or PZ-8 (mg/1.5 mg) was calculated according to the following equation:
where Q a and Q b are the initial and supernatant intensities, respectively, and I 0 is the initial protein content in the protein solution.
To investigate the adsorption behaviour of the phosphoprotein or the unphosphorylated protein on PZ at equilibrium, adsorption isotherm experiments were carried out at room temperature. Each assay was carried out by stirring 1.5 mg of adsorbent with 3 mL of 10 mM HEPES buffer at pH 6.0 with initial protein concentration ranging from 100 to 800¯g/3 mL.
To obtain the data on the size distribution of PZ before and after adsorption of ¢-casein, the corresponding size distribution curve was measured. The solution pH of 6.0, ionic strength and room temperature were kept constant during measurement. The distribution curve was recorded from 0 to 24 h for each adsorption time.
Energy dispersive X-ray spectrometry (EDX) and STEM-element mapping experiments revealed that Zr, O and P were present in PZ-8 after the soaking in 10 mM phosphate buffer at pH 6.0.
To evaluate the competitive adsorption of phosphate groups on PZ-8, an adsorptiondesorption experiment was conducted for ¢-casein using PZ-8 in phosphate buffer at room temperature. The adsorptiondesorption process was carried out as follows: first, a sample of PZ-8 (1.5 mg) was suspended in 1.5 mL of 10 mM HEPES buffer at pH 6.0 and then added to 1.5 mL of ¢-casein in the same buffer. The solution was stirred overnight. Then, the supernatant was separated by centrifugation at 6000 rpm for 20 min. To desorb ¢-casein from the PZ-8 adsorbent, the precipitate was added to 5 mL of 10 mM HEPES buffer containing 2 M NaCl or 10 mM or 100 mM phosphate buffer, and the mixture was stirred overnight. To evaluate the protein desorbed from the surface, the supernatant was separated by centrifugation at 6000 rpm for 20 min and examined using a sodium dodecylsulphatepolyacrylamide gel electrophoresis (SDS-PAGE) unit WSE-1100 (ATTO Co., Tokyo, Japan). Furthermore, on each sample, the amount of ¢-casein in the supernatant was measured by ATTO Image Analysis Software (CS Analyser 4).
Result and discussion
The morphologies of the as-synthesised porous particles were examined by FE-SEM and TEM, and the corresponding images are depicted in Figs. 1(a) and 1(b) and Figs. 1(c) and 1(d) , respectively. It can be seen from Figs. 1(a) and 1(b) that the products were aggregates of particles. The TEM micrographs shown in Figs. 1(c) and 1(d) revealed that PZ-4 and PZ-8 possessed pores in the inter-particles. It was observed that the PZ particles were porous with a typical narrow pore size distribution. Nitrogen adsorptiondesorption isotherms and pore size distribution curves were obtained using the BJH and BET adsorption method, respectively. The results are plotted for PZ-4 and PZ-8 in Figs. 2(a) and 2(b) . The specific surface areas of PZ-4 and PZ-8 were 70.6 and 87.7 m 2 /g, respectively, and their pore volumes were 0.28 and 0.49 cm 3 /g, respectively. This implies that PZ-4 and PZ-8 have a significantly reduced pore volume and specific surface area, which are organized by their non-cylindrical pore struc- tures. 17) The average pore diameter of the PZ-4 and PZ-8 materials was controlled at approximately 4 and 8 nm, respectively. The XRD patterns of PZ-4 and PZ-8 are shown in Fig. 2(c) . The peaks at 2ª = 30.3, 35.1, 50.5 and 60.2°reveal the presence of (111), (200), (220) and (311) planes, respectively, which correspond to the major XRD diffraction peaks for tetragonal zirconia phase. 6),19)21) In addition, the small amount of monoclinic zirconia peaks at 2ª = 24.1, 28.1 and 31.5°, which display (011), (11 1), (111) planes, respectively. 22) Figure 3 shows the adsorption onto PZ-4 and PZ-8 for the different individual milk proteins, i.e. ¢-casein and ¢lactoglobulin, which was carried out in 10 mM HEPES buffer at pH 6.0. The amount of ¢-casein adsorbed at equilibrium on PZ-4 and PZ-8 was approximately 2.37 and 2.75 mg/m 2 , respectively. Meanwhile, for ¢-lactoglobulin, the amount adsorbed on PZ-4 and PZ-8 was 3.45 and 2.65 mg/m 2 , respectively. The adsorption kinetics of ¢-casein and ¢-lactoglobulin onto the PZ-8 particles were studied, and the results are shown in Fig. 4 . The adsorption of ¢casein and ¢-lactoglobulin was monitored from 3 min to 24 h for PZ-8. Within the first hour, the adsorption amount reached approximately 80%. From the comparison of Fig. 4 , it can be seen that the adsorption of ¢-lactoglobulin onto PZ-8 was lower than the ¢-casein adsorption. In addi-tion, the amount of ¢-lactoglobulin adsorbed onto PZ-8 in 10 mM HEPES buffer was 2.2 mg/m 2 , respectively, at 24 h. To understand the adsorption behaviour of milk proteins onto PZ-8, adsorption isotherm experiments were carried out, and the corresponding data are shown in Fig. 5 . According to the results, it was confirmed that ¢casein adsorption took place without leaching in zirconia, but not ¢-lactoglobulin did, even at low concentrations (Fig. 5 ). These differences are likely due to the interaction between the phosphoprotein and the zirconia surface, particularly between phosphate groups and zirconia surface.
A highly important aspect for potential applications is the aggregation of the particles after protein adsorption. The aggregation of the protein-adsorbed PZ-8 particles was measured by distribution of particle size, and the results are listed in Fig. 6 , which shows the particle size distribution curve at different periods. In the case of ¢casein absorbed on PZ-8, the mean particle sizes exhibit a tendency to increase from 750 nm to over 6000 nm when passing from 0 to 1 h of adsorption time. However, in the case of ¢-lactoglobulin adsorbed on PZ-8 particles, similar particle sizes were observed, which turned from 750 to 800 nm after 1 h, and consequently, the aggregation of particles is not observed in Figs. 6(c) and 6(d).
Finally, images of the solutions containing ¢-casein and PZ-8 particles before and after adsorption for 24 h are shown in Fig. 7 . It can be seen that the particles formed precipitates after 24 h, which suggests that the adsorbent could be easily removed from the solution. The ¦-potential on the surface of the PZ-8 particles was measured, and the values obtained for PZ-8 was +18.5 mV in 10 mM HEPES buffer at pH 6.0. According to the results, only the surface of PZ-8 in 10 mM HEPES buffer at pH 6.0 was positively charged.
To investigate phosphate protein adsorption affinity on PZ, the EDX, STEM-element mapping experiments were carried out on the as-prepared PZ-8 after immersed in 10 mM phosphate buffer. The characteristic peaks of Zr can be seen at 0.3 and 1.8 keV, and the P peaks at 0.2, 0.5, and 2.0 keV can be observed in Fig. 8(a) . In addition, the distribution of these elements on the surface were characterized by EDS mapping in Fig. 8(b) . The three elements including Zr, O, and P were observed in the PZ-8, and the former two elements are composed to a zirconia particle and the latter are to a phosphate group. It confirmed that not only the zirconium and oxygen mapping images but also the phosphorus ones were contained to the PZ-8 particles after immersing phosphate buffer. 
Conclusion
Novel PZ particles were synthesised using solgel process and evaluated for the adsorption of milk proteins. Three important aspects are to be considered. Firstly, the adsorption occurred within a short period, which indicates the great adsorption affinity of PZ-8 for the phosphate groups. Secondly, since the synthesised PZ-8 has low specific surface area, the phosphoprotein-adsorbed PZ-8 particles undergoes aggregation. Thirdly, ¢-casein adsorption took place without leaching in zirconia even at low concentrations. We consider that the strong adsorption affinity and specific adsorption behaviour of PZ particles for the phosphate group render it a promising candidate for the development of phosphoprotein adsorbents.
